1. The Problem---The Elusive Influenza Virus {#sec1-vaccines-06-00027}
============================================

Despite our efforts in controlling the spread and health toll that influenza plays on a global level, influenza virus continues to cause yearly epidemics and intermittent pandemics. The degree of morbidity and mortality is astounding; with 10--20% of the world's population infected and 290--650,000 deaths per year \[[@B1-vaccines-06-00027]\]. This is due to a number of factors including (but not limited to): (1) the low uptake and availability of vaccines in areas of the world \[[@B2-vaccines-06-00027],[@B3-vaccines-06-00027]\], (2) the error-prone nature of the viral RNA polymerase, coupled with the high viral replication rate and immune selection pressure in the human population, leading to loss in recognition by antibodies (process known as antigenic drift) \[[@B4-vaccines-06-00027],[@B5-vaccines-06-00027],[@B6-vaccines-06-00027],[@B7-vaccines-06-00027],[@B8-vaccines-06-00027],[@B9-vaccines-06-00027],[@B10-vaccines-06-00027],[@B11-vaccines-06-00027]\], (3) the lower vaccine seroconversion rates in many susceptible groups including the elderly and young \[[@B12-vaccines-06-00027],[@B13-vaccines-06-00027]\], and (4) the waning of the antibody throughout the course of the season \[[@B14-vaccines-06-00027],[@B15-vaccines-06-00027]\]. These factors (to differing degrees) make the control of influenza difficult and necessitate the periodic renewal of influenza strains in vaccines. To make matters worse, the segmented RNA genome of the influenza virus facilitates its ability to recombine with different influenza segments from animal reservoirs and gain the ability to cross the species barrier to transmit to humans (i.e., antigen shift). The presence of antigenically distinct surface glycoproteins leaves humans with very little natural immunity to counter such assaults by the pathogen. There is overwhelming support in establishing an influenza vaccine that can generate, broad, potent immunity in the human population against a range of both epidemic and potential pandemic influenza viruses.

The "holy grail" of influenza vaccine development for many is a universal influenza vaccine that provides broad and effective protection against both influenza A and B viruses. Such strategies to date include but are not limited to eliciting broadly neutralizing antibodies to the surface hemagglutinin stem region (HA-stem), the M2-protein, the and NA protein. These vaccines all show great promise, and some have been tested in humans. These vaccine approaches have relied on a distinct immunological mechanism for the protection afforded. Furthermore, with testing of these vaccines in human clinical studies we are likely to gain a greater understanding of the immunological mechanisms of vaccine-mediated protection which will be further beneficial for rational immunogen and vaccine design.

2. Antibodies to Influenza Virus---A Potential Solution {#sec2-vaccines-06-00027}
=======================================================

Vaccination or infection principally generate antibodies that target the surface glycoproteins hemagglutinin (HA) and neuraminidase (NA) proteins. These HA-specific antibodies neutralize virus by binding to regions proximal to the receptor binding site and inhibiting the ability of the virus to either enter or egress from the host cell. The sites targeted by neutralizing antibodies have mapped to five-distinct sites within the HA head region (H1N1: Ca1, Ca2, Cb, Sa, and Sb; and H3N2: A, B, C, D and E) \[[@B10-vaccines-06-00027],[@B16-vaccines-06-00027],[@B17-vaccines-06-00027],[@B18-vaccines-06-00027]\]. Further, the benchmark for vaccine-mediated protection and seroconversion has long been measured by the induction of HAI antibodies titers greater than or equal to 1:40, which has been shown to correlate with a reduction of the rate of influenza infection by 50% \[[@B19-vaccines-06-00027],[@B20-vaccines-06-00027],[@B21-vaccines-06-00027],[@B22-vaccines-06-00027],[@B23-vaccines-06-00027],[@B24-vaccines-06-00027]\]. Unfortunately, antibodies that target the HA head region, are generally only bind viruses within a narrow antigenic range \[[@B25-vaccines-06-00027],[@B26-vaccines-06-00027],[@B27-vaccines-06-00027]\]. Though, this may be a function of the assays used to measure neutralization either directly (e.g., microneutralization, plaque reduction assay etc.) or indirectly (e.g., HAI assay). Antibodies that bind to the conserved stem region have been found to provide broader cross-reactive immunity but are less potent at mediating neutralization in vitro. These antibodies have highlighted a limitation in measuring only neutralization as a surrogate for antibody-mediate immunity with many isolated mAbs providing broad protection in vivo but providing undetectable neutralizing activity in vitro.

Fc-mediated effector functions provide an essential link between the role of innate immune system and the adaptive immune system. These effector functions rely not only on the binding of the antibody to the antigen but also engagement of the antibody constant-region. The Fc-receptor functions have long been characterized during influenza infection and vaccination, these functions include:

2.1. Antibody-Dependent Complement Mediated-Lysis (ADCL) {#sec2dot1-vaccines-06-00027}
--------------------------------------------------------

Antibody-dependent complement mediated-lysis (ADCL), are antibodies (typically IgG1 and IgG3 subclass in humans) which bind to the surface of virus-infected cells. Subsequently, C1q binding triggers the complement cascade, and the formation of the membrane attack complex at the surface of the target cell leading to a number of antiviral effects including killing of the virus-infected cell and promoting a pro-inflammatory environment. Complement fixation has been shown to play an important role in controlling influenza infection with studies showing that mice deficient in C3 have impaired viral clearance and increased viral loads in the lungs \[[@B28-vaccines-06-00027],[@B29-vaccines-06-00027],[@B30-vaccines-06-00027]\]. Additionally, antibodies capable of complement-mediated lysis have been shown to be present following vaccination \[[@B31-vaccines-06-00027],[@B32-vaccines-06-00027],[@B33-vaccines-06-00027]\] and infection \[[@B34-vaccines-06-00027]\]. These antibodies have been shown to be both strain-specific but also cross-reactive like those that mediate ADCC \[[@B35-vaccines-06-00027]\]. There also seems to be considerable overlap between those that mediate potent neutralization and those that can mediate complement-mediated lysis \[[@B36-vaccines-06-00027]\].

2.2. Antibody-Dependent Phagocytosis (ADP) {#sec2dot2-vaccines-06-00027}
------------------------------------------

Antibody-dependent phagocytosis (ADP) involves antibodies (i.e., IgG1 and IgG3 subclasses in humans) opsonizing the surface of virus-infected cells or immune complexes forming with virus. Innate phagocytic cells bearing either, CD32, CD64, or CD89 receptors then bind to the antibodies and proceed to uptake the cell or antigen complex. This can also lead to the activation and secretion of some pro-inflammatory mediators and the presentation of peptide antigen on the surface MHC receptor of the phagocyte. Phagocytes have been shown to intake the influenza virus in an antigen-dependent fashion, either using beads \[[@B37-vaccines-06-00027],[@B38-vaccines-06-00027],[@B39-vaccines-06-00027]\] or as whole virus \[[@B40-vaccines-06-00027]\]. Additionally, ADP is involved in clearance of virus infection during primary infection in mice \[[@B40-vaccines-06-00027]\].

2.3. Antibody-Dependent Cellular Cytotoxicity (ADCC) {#sec2dot3-vaccines-06-00027}
----------------------------------------------------

Antibody-dependent cellular cytotoxicity (ADCC), involves the FcγRIIIa (or ortholog FcγRIV in mice) bearing cells such as NK cells, monocytes/macrophages and neutrophils engaging the Fc-region of antibodies (typically IgG1 and IgG3 in humans and IgG2a in mice), which specifically bind to antibodies presented on the surface of virus-infected cells. Cross-linking of the CD16 (FcγRIIIa) receptor leads to phosphorylation of the C-terminal immunoreceptor tyrosine-based activation motif (ITAM) to activate downstream calcium-dependent signaling pathways. This results in the release of granzyme B and perforin from preformed lysosomes, which together facilitate DNA fragmentation and apoptosis of the target cell. Activation of innate immune cells such as NK cells can have a number of other consequences including the secretion of antiviral cytokines and chemokines, such as IFN-γ and TNF, which have substantial antiviral and immunopathological properties.

Antibodies should not merely be considered as those that "mediate ADCC" or those that "neutralize", rather antibodies can have a number of these effector functions available to them, given their isotype and the ability to engage Fc-receptors. Some of the factors that seem to impact Fc-effector functions include the concentration, isotype and the binding specificity. Additionally, Fc-glycosylation has been shown to influence the ability of Fc-receptors to mediate ADCC. In this perspective, we concentrate our attention on highlight important findings in influenza ADCC, and discuss some of the limitations and potential areas for future investigation.

3. Antibody Structure and the Influence of Glycosylation on Fc-Receptor Function {#sec3-vaccines-06-00027}
================================================================================

Human IgG antibodies are composed of two heavy-chains and two light-chains linked via disulphide bonds. The structure of IgG antibodies are separated into distinct regions, and the antigen recognition is mediated by "fragment antigen binding" (Fab)\_domains, comprising the complementarity-determining regions (CDRs) located at the N-terminal end of the heavy and light chains that binds an epitope \[[@B41-vaccines-06-00027]\]. The C-terminal ends of the heavy chains form the "fragment crystallisable" (Fc) region which contains the binding sites for complement and Fc-receptors. In most isotypes, the Fab and Fc region are separated by a flexible "hinge region", which facilitates some movement and orientation of the antibody.

Each IgG molecule contains a highly conserved IgG-Fc N-glycan in CH2 domains. In particular, the highly conserved asparagine 297 (N297)-glycosylation site is conserved in all IgG subclasses and amongst many species \[[@B42-vaccines-06-00027]\]. This glycan composition is important in regulating Fc effector functions and removal substantially impairs Fc-effector activity \[[@B43-vaccines-06-00027],[@B44-vaccines-06-00027]\]. Depending on enzymatic glycosylation reactions, the heptasaccharide core can either contain a terminal, N-acetylglucosamine, fucose, galactose or sialic acid. It is well know that fucosylation of the N-glycan increases the affinity for the human CD16 (FcγRIIIa), enhancing ADCC activity in vivo and in vitro \[[@B45-vaccines-06-00027],[@B46-vaccines-06-00027]\]. The presence of terminal sialic acid on the N-glycan has been shown to be critical in the anti-inflammatory activity of intravenous immunoglobulin (IVIG) \[[@B41-vaccines-06-00027],[@B47-vaccines-06-00027],[@B48-vaccines-06-00027],[@B49-vaccines-06-00027]\]. Recently, Fc sialyation of IgG antibodies in the context of core fucosylation was shown to result in a significant decrease in vitro ADCC activity \[[@B50-vaccines-06-00027]\]. The influence of Fc-glycosylation has yet to be in studied in great detail for influenza-specific IgG responses and influenza-specific mAbs.

4. The Rationale for Fc-Receptor Function as an Important Correlate of Antibody-Mediate Protection {#sec4-vaccines-06-00027}
==================================================================================================

Fc-receptor function is vital to the utility of stem-specific antibodies in particular, ADCC function. The isolation of stem-specific antibodies has brought new hope to the development of a universal influenza vaccine. Early studies showed that mice administered an FcR-binding deficient (FI6-LALA) version of the broadly neutralizing antibody FI6, were less likely to survive a lethal dose of influenza virus compared to the unmutated form of FI6 mAb \[[@B51-vaccines-06-00027]\]. This finding was validated by others \[[@B52-vaccines-06-00027],[@B53-vaccines-06-00027]\] and was further shown to be FcγR-dependent, by showing that the protection provided by FI6 was abolished when administered to FcerIγ^−/−^ deficient mice \[[@B54-vaccines-06-00027]\]. More specifically, many of the stem-specific antibodies tested could mediate neutralization and provide protection from a lethal challenge at high concentrations but tended to require ADCC function at lower concentrations for protection \[[@B54-vaccines-06-00027]\]. These studies highlight an important role that Fc-receptor function plays in the protective capacity of stem-specific antibodies.

The importance of Fc-receptor function in protecting mice from lethal influenza challenge has been exemplified in a number of mAbs targeting different proteins of the influenza virus. There are some broadly conserved epitopes within the HA-head region that are non-neutralizing but facilitate potent ADCC activity. A study by DiLillo et al. exemplifies two broadly neutralizing anti-head mAbs (4G05 and 1F05) and three non-neutralizing head-specific mAbs (i.e., 1A01, 1A05 and 4G01) that can protect from lethal influenza challenge in mice \[[@B55-vaccines-06-00027]\]. Likewise, DilLillo and colleagues confirmed that broadly neutralizing NA-specific mAbs, like those of many broadly neutralizing HA-specific mAbs, require Fc-receptor interactions to mediate protection in vivo. Concurrently, He et al. used an in vitro ADCC reporter assay to show that NA-specific mAbs can only induce modest ADCC but could cooperatively enhance ADCC activity when combined with HA stalk antibodies \[[@B56-vaccines-06-00027]\]. Additionally, studies had previously shown that transfer of M2e-specific mAbs could activate human NK cells in vitro \[[@B57-vaccines-06-00027]\] and provide protection from lethal influenza challenge in mice via an Fc-receptor dependent mechanism \[[@B58-vaccines-06-00027],[@B59-vaccines-06-00027]\]. Interestingly, NP-specific mAb, thought to protect via Fc-receptor mechanisms, can protect mice from lethal H5N1 challenge \[[@B60-vaccines-06-00027]\]. This is supported by data to suggest that NP is expressed on the surface of infected cells and such antibodies may mediate their effector functions via ADCC \[[@B60-vaccines-06-00027],[@B61-vaccines-06-00027],[@B62-vaccines-06-00027],[@B63-vaccines-06-00027]\]. Thus, there is clear evidence to show that Fc-receptor function, particularly ADCC function, is important in the protection afforded by numerous influenza-specific mAbs. Despite this, mAbs are typically screened for their neutralizing activity, and those that are unable to mediate this activity are usually not investigated further.

In accordance with these findings, similar findings have been found for candidate universal vaccines developed to the influenza-stem. The most notable are stabilized stem-immunogens which provide broad protection from influenza infection in various influenza animal models (i.e., mice, ferrets and macaques) and are associated with antibodies that mediate Fc-receptor functions \[[@B64-vaccines-06-00027],[@B65-vaccines-06-00027]\]. Further, HA-expressing MVA based vaccine constructs also tested in macaques seem also to require and induce ADCC functioning antibodies \[[@B66-vaccines-06-00027]\]. Similarly, M2e based vaccines provide robust protection from lethal infection in mice via an Fc-dependent mechanism \[[@B67-vaccines-06-00027],[@B68-vaccines-06-00027],[@B69-vaccines-06-00027],[@B70-vaccines-06-00027],[@B71-vaccines-06-00027]\]. Some candidate pandemic vaccines have also been shown to induce robust ADCC-mediating antibodies in humans \[[@B72-vaccines-06-00027],[@B73-vaccines-06-00027]\]. The generation of ADCC-mediating antibodies by many different candidate vaccines may suggest that ADCC has a potential role at least as a test for immunogenicity, and at most, as an important correlate of immunity.

Lastly, some studies have suggested that ADCC may provide some level of protection from influenza infection in humans. A recent study by Jacobsen et al. showed that passive transfer of human serum from H5 vaccinated individuals protected mice from heterologous challenge with the H1N1pdm09 virus, this antibody-mediate protection observed correlated with binding antibodies, in particular, those that mediate in vitro ADCC \[[@B74-vaccines-06-00027]\]. Notably, when testing individuals experimentally infected with influenza virus, Jegaskanda et al. observed no clear correlation between pre-existing homologous ADCC-Ab titers and subsequent viral loads or clinical symptom scores following experimental challenge \[[@B75-vaccines-06-00027]\]. However, when subjects were stratified based on whether they had "high" or "low" baseline ADCC titers, subjects with higher ADCC titers before challenge had lower viral loads and significantly lower symptom scores. A major caveat of this study is that it utilized a limited sized cohort, with only three individuals with the "high" ADCC titers. To corroborate these results, patients who succumb to H7N9 infection had lower ADCC-Ab than those who recovered \[[@B38-vaccines-06-00027]\]. In contrast, a recent study by Park et al. showed no correlation between stalk-specific mAbs and clinical symptom score in experimentally infected individuals \[[@B76-vaccines-06-00027]\]. As we already know, stalk-specific mAbs mediate much of their function via ADCC; however, no assessment of ADCC was performed in this study. Collectively, these studies all suffer from small sample sizes and post-hoc design that does not provide conclusive evidence for the ability of cross-reactive ADCC-Ab in providing protection from influenza infection in humans. Studies in mice suggest that ADCC-Ab are protective in the context of mAbs and vaccines however, influenza infection in these studies have typically resulted in lung infections whereas in humans infections are typically an upper respiratory tract infection. Furthermore, mice utilize different FcRs and FcR bearing cells than that of humans. This makes Fc-mediated protection in the mouse model difficult to extrapolate to Fc-mediated protection from influenza infection in humans. For this reason, clinical studies that are specifically designed to answer this question of protection are necessary to understand the contribution that ADCC-Ab may play in protection from influenza. Such studies would require high-throughput assays that are standardized, reproducible and easily employed by different laboratories.

5. In Vitro Assays to Measure ADCC Function {#sec5-vaccines-06-00027}
===========================================

The next generation influenza vaccines will likely require different assays to measure immunogenicity. Typically, influenza vaccine immunogenicity has been measured using standard HAI or microneutralization assays, whereby a fold-change in titer is used to determine whether a vaccine is immunogenic. Such assays would not be effective when the vaccine primarily relies on non-neutralizing effector functions for their activity (i.e., where the vaccine does not induce a potent neutralizing antibody response), such as some HA stem vaccines or M2 based vaccines. These vaccines will require alternative assays to show immunogenicity, such as using in vitro ADCC assays. We have briefly provided a description and features of commonly used in vitro ADCC assays for testing human clinical samples, with the hope that they may be of value in testing immunogenicity of candidate universal vaccines.

Historically, ADCC-activity has been measured by in vitro assays which can either directly measure the cytotoxicity of target cells or indirectly measure the activation of effector cells. These in vitro assays have provided various means for detecting and measuring ADCC-activity in serum antibodies and isolated mAbs. In some of the first papers on the subject, ADCC and ADCL were measured by the classical chromium (^51^Cr) release assay \[[@B34-vaccines-06-00027],[@B35-vaccines-06-00027],[@B77-vaccines-06-00027],[@B78-vaccines-06-00027]\]. This assay utilizes ^51^Cr-labelled infected target cells (typically BHK-21 or A549 cells), which are incubated with serum and either purified NK cells or donor PBMCs. Following incubation, the level of ^51^Cr released from dead or dying cells is assessed in the media ([Figure 1](#vaccines-06-00027-f001){ref-type="fig"}A). ^51^Cr release assays are still used by numerous laboratories around the world to measure cytotoxicity due to their consistent reproducibility and versatility \[[@B32-vaccines-06-00027],[@B34-vaccines-06-00027],[@B35-vaccines-06-00027],[@B36-vaccines-06-00027]\]. However, this assay poses some issues with disposal and handling of radioactive material which is a problem for many laboratories.

To counter the biosafety and disposal hurdles of handling chromium, laboratories have turned to a similar method that uses lactate dehydrogenase release (LDH). This assay detects the release of enzyme lactate dehydrogenase from dead or dying cells and via measuring the absorbance of LDH reaction products \[[@B79-vaccines-06-00027],[@B80-vaccines-06-00027]\] ([Figure 1](#vaccines-06-00027-f001){ref-type="fig"}B). Such assays are readily available from commercial sources including Promega, Roche and Pierce. Additionally, LDH release assays are still routinely used to measure apoptosis as well as influenza-specific ADCC activity due to their high reproducibility and standardized protocol \[[@B38-vaccines-06-00027],[@B81-vaccines-06-00027]\]. However, apoptosis of virus-infected cells during the course of the assay can make measuring of ADCC-mediated cytotoxicity difficult, whereby the signal from targeted killing of cells is difficult to discern above the apoptosis of target cells due to the influenza infection. Despite this technical hurdle, these assays remain a widely accepted alternative to classical chromium release assays.

Other approaches to measuring Fc-receptor activity has involved the utility of flow-cytometry to measure either the markers on target cells or effector cells. A flow-cytometry based method to measure target cell killing has been to label target cells (i.e., infected/uninfected Raji cells) with a membrane dye (PKH-67 or similar) and measure their killing via the increase in fluorescence of the target cells upon uptake of 7-AAD dye by dead or dying cells \[[@B82-vaccines-06-00027],[@B83-vaccines-06-00027],[@B84-vaccines-06-00027]\]. The target cells are identified by PKH-67 staining and dead cells are measured as those that are 7-AAD positive by flow cytometry ([Figure 1](#vaccines-06-00027-f001){ref-type="fig"}C). These assays provide a mechanism to measure the direct killing of target cells, wherein the actual dead target cells are identified (rather than factors that are released into the supernatant or activation of an effector cell). The limitations are similar to other assays that utilize infected cells as target cells (including many of the other assays mentioned), whereby there is a requirement to coordinate the infection to obtain optimal surface expression of antigens, and the requirement for each of the samples to be collected via a flow cytometer. This likely influence the reproducibility of the assay along with the aforementioned factor of using purified NK cells or PBMCs from donors. However, these are general limitations in all cell-based assays that should be taken into account.

Upon stimulation of NK cells with either antibody-coated or MHC devoid target cells (direct killing), there is significant upregulation of a number of surface markers and expression of an number of antiviral cytokines \[[@B85-vaccines-06-00027],[@B86-vaccines-06-00027]\]. The expression of these activation markers on NK cells has been shown to be closely associated with cytotoxicity \[[@B87-vaccines-06-00027]\]. This is not surprising since the expression of the most commonly used, surrogate marker of degranulation, CD107a (also known as LAMP-1) is expressed on membranes of preformed secretory lysosomes containing granzyme B and perforin. Upon release of these cytotoxic granules, the CD107a is expressed on the surface of the cells \[[@B88-vaccines-06-00027],[@B89-vaccines-06-00027]\]. Activation based assays that utilize multi-parameter flow cytometry have become a popular method for measuring such activity. Based on peptide-based stimulation assays T cell activation assays, Stratov et al. \[[@B88-vaccines-06-00027]\] developed an in vitro HIV ADCC-mediated NK cell activation assay to measure ADCC activity in healthy donor whole blood samples supplemented with serum from HIV-positive subjects and HIV-specific peptides or proteins \[[@B90-vaccines-06-00027],[@B91-vaccines-06-00027],[@B92-vaccines-06-00027]\]. This assay has been used to measure HIV-ADCC function and map a number of linear "ADCC epitopes" commonly found in HIV progressors and non-progressors.

Since healthy adult blood donors are typically exposed to influenza throughout their lifetimes; we found that this form of assay made it challenging to measure influenza-specific ADCC-activity of donor plasma samples. To overcome this problem, our laboratory coated antigen onto a plate and subsequently added plasma and NK cells (in the form of purified NK cells or PBMCs). This allowed antibodies from serum or plasma to bind to the antigen-coated onto the plate and for purified PBMCs/NK cells to then be used. The NK cells bound to immobilized antibody-complexes and become activated, which was measured via intracellular cytokine (ICS) staining and collected via flow-cytometry \[[@B93-vaccines-06-00027]\] ([Figure 1](#vaccines-06-00027-f001){ref-type="fig"}D). This assay has now been utilized by some laboratories \[[@B94-vaccines-06-00027],[@B95-vaccines-06-00027],[@B96-vaccines-06-00027],[@B97-vaccines-06-00027]\] and has been further modified to employ purified NK cells or immortalized NK cell line expressing the human CD16 (FcγRIII) receptor \[[@B72-vaccines-06-00027],[@B75-vaccines-06-00027]\]. Additionally, this assay has been adapted to allow for measurement of ADCC-activity in macaque serum \[[@B66-vaccines-06-00027],[@B94-vaccines-06-00027],[@B98-vaccines-06-00027]\] and has been utilized to measure HIV ADCC \[[@B99-vaccines-06-00027]\] and HSV ADCC \[[@B100-vaccines-06-00027]\]. This assay also has some limitations including; (1) it uses recombinant proteins which may not always replicate what is observed in host cells or viruses; (2) when coating antigen onto a plate, it is likely to bind in various orientations and may affect the conformation of the antigen itself; and (3) the amount of ADCC-measured will likely be related to the amount of protein binding sterically to the plate. The reproducibility of this assay is therefore dependent on the quality and purity of the protein used for coating, and as below the source of donor NK cells used. Despite its limitations, this assay has allowed our laboratory to gain insights by measuring ADCC responses to many individual influenza proteins.

It is evident that antigen coated onto a plate may not reflect the density and conformation of antigen exposed on the surface of a virus-infected cell. To determine the "total" influenza-specific ADCC response, we and others have measured NK cell activation upon exposure to infected A549 cells \[[@B54-vaccines-06-00027],[@B75-vaccines-06-00027],[@B93-vaccines-06-00027]\]. Similarly, NK cells in this format can be measured for the various activation markers for which they express and while the antigen reflects the form closer to that expressed during an influenza infection ([Figure 1](#vaccines-06-00027-f001){ref-type="fig"}E). As mentioned previously, the importance of measuring ADCC to an intact conformational antigen must be weighed with the coordination of infection to allow optimal expression of antigen on the surface of infected cells. This form of assay makes determining the target of the response difficult. Transfection of individual genes into target cells may overcome this issue. An apparent technical problem with this form of assay is that it requires running each of the samples through a flow-cytometry, which is time-consuming, labor intensive and makes reproducibility difficult between laboratories especially for clinical trials that can involve many serum samples.

To facilitate the running of a large number of clinical trials samples simultaneously, many groups have turned to using more high-throughput methods. Such an assay was developed by Promega (ADCC Bioassays), wherein Jurkat T cell lines have been transfected with the individual Fc-receptors from either humans or mice. These cell lines activate via a NFAT-response element which drives luciferase expression when there is Fc-receptor engagement ([Figure 1](#vaccines-06-00027-f001){ref-type="fig"}F). The luciferase-based assay approach facilitates this assay to measure ADCC-mediated activation via a high-throughput (either in a 96-well format or 384-well format) and reproducible mechanism. Additionally, the test is available in a number of formats to allow effector functions of different FcRs from both humans and mice to be measured. The assay has already been used to measure ADCC responses following influenza vaccination and the testing of ADCC-function of mAbs \[[@B65-vaccines-06-00027],[@B74-vaccines-06-00027],[@B101-vaccines-06-00027],[@B102-vaccines-06-00027]\]. Most importantly this assay has been instrumental in testing of mouse-Fc functionality and correlating this with in vivo protection from lethal challenge in a number of studies \[[@B65-vaccines-06-00027],[@B101-vaccines-06-00027]\]. This assay reflects one of better cell-based high-throughput and reproducible approaches to measuring Fc-receptor activity and can be easily used by laboratories to measure clinical trial samples.

Very recently, there has been the development of dimeric Fc-receptors ligands. These ligands contain two identical Fc receptors that are linked by a FcγRIIa membrane proximal stalk region \[[@B38-vaccines-06-00027],[@B103-vaccines-06-00027],[@B104-vaccines-06-00027],[@B105-vaccines-06-00027]\]. This method is similar to an ELISA, whereby the protein is coated onto a 96-well plate, plasma or mAbs are added to the plate, and subsequently, the biotinylated Fc-dimmer is added, and binding is detected by the addition of a streptavidin HRP conjugate and substrate via an absorbance read-out ([Figure 1](#vaccines-06-00027-f001){ref-type="fig"}G). This assay allows a surrogate measure of Fc-receptor binding and has been shown to correlate with NK cell activation \[[@B105-vaccines-06-00027]\]. The assay differs from a conventional ELISA, in that it utilizes Fc-receptor dimmers that are appropriate distances to mimic Fc-ligation as that would occur upon antibody-engagement. Although, this technique does not require the use of donor cells, the assay still has many of the limitations ascribed to the plate-bound NK cell activation assay, whereby the coated antigen is a drawback. However, this may be overcome in the future by the use of virus-infected cells. The assay also overcomes many of the accessibility problems of the other assays and has a greater reproducibility than other cell-based approaches. This would also be a suitable candidate for larger scale clinical studies which involve screening of potentially hundreds of clinical samples.

6. Measuring ADCC Following Vaccination and Infection {#sec6-vaccines-06-00027}
=====================================================

Numerous studies have shown that ADCC-mediating antibodies can be generated by both influenza vaccination and influenza infection in adults and children. Early studies on influenza ADCC demonstrated that vaccination of healthy adults with an inactivated influenza vaccine or experimental infection with live influenza virus could generate antibodies capable of mediating cytotoxicity \[[@B106-vaccines-06-00027],[@B107-vaccines-06-00027]\]. Recent studies have confirmed this observation with newer assays, more current inactivated vaccines and using a broader range of influenza viruses and recombinant proteins \[[@B73-vaccines-06-00027],[@B75-vaccines-06-00027],[@B96-vaccines-06-00027],[@B104-vaccines-06-00027]\]. Studies by Hashimoto et al. found that sera from children vaccinated with either inactivated vaccines, live-attenuated influenza vaccine, or following natural influenza infection generated ADCC-mediating antibodies \[[@B78-vaccines-06-00027]\]. In contrast, recent studies show that where TIV can cause a modest rise in ADCC-Ab titers, LAIV fails to generate any significant change in ADCC-Ab titers in children \[[@B75-vaccines-06-00027]\]. Both vaccination and infection were found to generate a small portion of cross-reactive ADCC-mediating antibodies, which potentially can provide immunity from drifted influenza strains.

The study of cross-reactive ADCC-Abs in serum has been of great interest to our laboratory, due to their potential utility in providing broader immunity. Further, these cross-reactive ADCC-Ab were present even when neutralizing antibodies to the given virus-strain are not present \[[@B93-vaccines-06-00027]\]. This has shown using some antigenically distinct influenza strains such as H5N1, H7N9 and H1N1pdm09 (before the 2009 pandemic) \[[@B35-vaccines-06-00027],[@B93-vaccines-06-00027],[@B94-vaccines-06-00027],[@B108-vaccines-06-00027],[@B109-vaccines-06-00027]\]. These cross-reactive ADCC-mediating antibodies based on the established literature would likely reflect stem-antibodies that have been boosted by repeated influenza vaccinations and infections. However, studies to this effect have not conclusively shown that this is the case.

Cross-reactive ADCC-Abs are generated early in life and expand throughout a lifetime. It is clear that even in cord-blood and early during infancy, these cross-reactive ADCC-Abs are generated and increase as you become older \[[@B35-vaccines-06-00027],[@B94-vaccines-06-00027],[@B110-vaccines-06-00027]\]. Indeed, there is a higher level of cross-reactive ADCC-Abs in the elderly which seems only to be marginally boosted by inactivated vaccination \[[@B81-vaccines-06-00027]\]. This may indicate a pool of cross-reactive memory B cells present in humans, that is likely recalled early following vaccination and infection; which would explain the differential kinetics of ADCC-Abs versus neutralizing antibodies that are generated \[[@B38-vaccines-06-00027],[@B94-vaccines-06-00027]\]. These cross-reactive ADCC-Abs may act to control influenza infection while more specific antibodies that are capable of neutralizing viruses are produced. Indeed, such ADCC-Ab antibodies would likely be critical in reducing the spread of the virus between cells and controlling the infection while other antibodies are established.

7. Conclusions and Perspectives for the Future {#sec7-vaccines-06-00027}
==============================================

A number of remaining questions hinders the utility of Fc-receptor function to aid in the design of universal influenza vaccines. Firstly, some studies have suggested that ADCC may have an immunopathological role during influenza infection rather than a role in protective immunity \[[@B83-vaccines-06-00027],[@B111-vaccines-06-00027],[@B112-vaccines-06-00027]\]. Although, ADCC-mediating antibodies are present in all individuals as highlighted by numerous studies; this does not mean that upon infected they do not contribute to the pulmonary infiltration and lung damage associated with severe influenza infection. Clinical studies assessing pre-existing ADCC Ab titers and the clinical scores and viral loads designed similar to other studies \[[@B113-vaccines-06-00027]\], would provide critical information to determine whether pre-existing ADCC-titers lead to protection or a more severe illness.

The ability of antibodies to mediate Fc-receptor function is thought to be dependent on the epitope in which it binds. Stem-specific mAbs can engage FcRs and mediate ADCC activity, whereas head-specific mAbs (canonical binding sites surrounding the receptor binding site) are limited in their ADCC capacity \[[@B54-vaccines-06-00027]\]. This has been confirmed using in vitro ADCC assays wherein numerous stem-specific mAbs can induce robust ADCC whereas, head-specific HAI^+^ antibodies cannot \[[@B56-vaccines-06-00027],[@B114-vaccines-06-00027],[@B115-vaccines-06-00027]\]. Furthermore, antibodies that mediate HAI activity are capable of antagonizing the ability of stem-specific antibodies to mediate ADCC \[[@B115-vaccines-06-00027]\]. It is clear that binding of head-specific antibodies does not directly prevent the binding of stem-specific antibodies to HA \[[@B114-vaccines-06-00027]\]. However, mutation of HA residues critical to the sialic acid binding (Y108F HA or K195F HA), has been shown to lead to a marked reduction in ADCC activity. It has been suggested that two points of contact are required for stem-specific ADCC activity though, it is not clear at present whether sialic acid binding is stabilizing the HA protein conformation or whether alternative co-receptor interactions between HA and effector cells are augmenting ADCC activity. A comprehensive approach is necessary to characterize the capacity for particular epitopes within the influenza HA to induce ADCC activity and provide protection. Such an antigenic map of ADCC epitopes would be invaluable for vaccine design to facilitate targeting of susceptible broadly conserved regions.

The analysis of influenza-specific ADCC-Abs in human serum has provided some key insights into the generation of these antibodies following vaccination and infection. However, many questions remain that will require detailed analysis of both serum antibody and B cell responses including: (1) Are all cross-reactive antibodies encompassed by stem-antibodies or are there other distinct cross-reactive epitopes? Studies by others would suggest that there are additional H1--H3 cross-reactive epitopes that can be targeted by antibodies \[[@B116-vaccines-06-00027],[@B117-vaccines-06-00027]\]. The common workflow of isolating and characterizing these antibodies limit the number that are isolated. Specifically, when isolating and testing mAbs from humans, following expression and purification of mAbs, they are initially screened for binding to the target antigen (typically by standard ELISA), and later tested for their neutralizing activity. Only those antibodies that have neutralizing activity have been typically further characterized and studied in detail. This leaves out many non-neutralizing antibodies that bind antigen but are unable to neutralize virus. Such antibodies may represent distinct epitopes that can facilitate functions such as ADCC. (2) Are ADCC-mediating antibodies exerting a level of selection pressures on circulating influenza viruses (i.e., is there antigenic drift occurring in non-neutralizing epitopes)? Presumably, escape of these epitopes would be necessary for sustained replication of the virus within the host since much of the virus life-cycle exists within the host cell away from neutralizing antibodies. In this case, selection of HA-proteins capable of avoiding the ADCC-Ab response would occur on the surface of the virus-infected cells rather than upon entry or release as would be the case for neutralizing antibodies. This would require determining broad "ADCC epitopes", looking for escape mutants in human surveillance data and validating the resultant viruses by reverse genetics. (3) Are the same precursor B cells responsible for the generation of cross-reactive ADCC-Ab and neutralizing antibodies? These function are not mutually exclusive but up to now, we have considered most neutralizing antibodies as IgG1 subtypes. However, upon influenza infection or intranasal vaccination it is likely that a high proportion of neutralizing antibodies are IgAs. That being said, the B cells that are responsible for the generation of neutralizing antibodies that control the influenza virus include those that are found in the nasal associated lymphoid tissue (NALT) and bronchus-associated lymphoid tissue (BALT), and may not be the same as those that result from circulating memory B cells or precursor B cells in the lymph nodes. As such, it is unclear the proportion of B cells that target neutralizing epitopes and those that target epitopes outside the "canonical" neutralizing sites and the major isotypes that they encompass. (4) Related to this latter question, does the antibody response that is generated to "non-neutralizing" epitopes aid or hinder the response to canonical neutralizing epitopes? The effect of pre-existing antibodies on the generation of protective antibody responses by vaccination or infection has been discussed by others \[[@B118-vaccines-06-00027]\]. Since the current literature suggests that ADCC is directed mostly to stem-epitopes and antibodies capable of mediating HAI reduce this response. Wouldn't a similar logical pathway follow, that the same could be said for the actual B cells that generate the response? Wherein, HAI antibodies generated during a B cell response similarly antagonize the stem-specific B cells, leading to the immunodominance phenotype as observed in by other studies (as reviewed in \[[@B119-vaccines-06-00027]\]). These questions are just some of many that remain, and likely to result from more discussion and interest in this area. In each of these cases, there is a requirement for specifically designed studies for the purpose of understanding the role of non-neutralizing antibodies rather than post-hoc studies following clinical trials.

The functionality of NK cells and their ability to mediate ADCC in humans is determined by a number of factors, including the concentration of antibodies, isotype, activating and inhibitory co-receptors on the surface of the NK cells. An interesting study performed by Goodier et al. illustrates a particular example of this whereby the CD16 (FcγRIII) receptor on NK cells is significantly downregulated following TIV, partially via ADAM17 matrix metalloprotease mediated cleavage \[[@B120-vaccines-06-00027]\]. This data suggests that vaccination may increase the level of ADCC-Abs available but circulating NK cells (or other CD16 (FcγRIII) expressing cells) may have a reduced ability to mediate ADCC upon influenza infection. Adjuvants that increase NK cell activity thereby allowing greater clearance of influenza-virus-infected cells should be investigated. Such antiviral molecules, when combined with mAbs, may enhance the effectiveness of therapeutics and lead to better outcomes for those suffering from influenza infections.

The culmination of the information described in this perspective hopefully shows that there is still a great deal to be learnt about Fc-mediated effector functions and their potential utility in universal vaccine design. Indeed, as greater interest is drawn into this exciting area of research, this will hopefully aid in its development and serve in the generation of a universal vaccine in the future.
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![Common in vitro influenza Fc-receptor assays. ^51^Cr-release assay, whereby infected target cells are labelled with chromium and exposed to PBMCs or purified NK cells with serum/Ig. As cells are killed the chromium is released into the supernatant (**A**). Lactate dehydrogenase (LDH) release assay, whereby infected target cells are exposed to PBMCs or purified NK cells with serum/Ig and the release of LHD is measured in the supernatant (**B**). ADCC Target Killing assay, whereby the infected target cells are labelled with a membrane dye, incubated with PBMCs or purified NK cells and with serum/Ig. The killing of the infected target cell results in the uptake of 7-AAD dye and subsequently can be detected by flow cytometry (**C**). Plate-bound NK cell activation assay, whereby the antigen is coated onto the well of a 96-well plate, subsequently serum/Ig is added, and then PBMCs or purified NK cells are added (**D**). Infected-cell NK cell activation assay, wherein the infected target cells are incubated with PBMCs or purified NK cells with serum/Ig (**E**). For both (**D**,**E**), NK cell activation is measured by the expression of surface CD107a and intracellular IFN-γ by flow cytometry. Promega Fc-FNAT assay, wherein Jurkat NFAT-Fc cell line is incubated with infected or transfected target cells with serum/Ig and substrate is added. Following activation, the substrate is converted to a luminescence product which can be measured in the supernatant (**F**). Fc dimmer assay, wherein antigen is coated onto a plate, followed by the addition of serum/Ig. Then Fc-dimmer-biotin is added and detected by the addition of streptavidin-HRP followed by substrate (**G**).](vaccines-06-00027-g001){#vaccines-06-00027-f001}
